The pathogenesis of varicella-zoster virus (VZV) involves a cell-associated viremia during which infectious virus is carried from sites of respiratory mucosal inoculation to the skin. We now demonstrate that VZV infection of T cells is associated with robust virion production and modulation of the apoptosis and interferon pathways within these cells. The VZV serine/threonine protein kinase encoded by ORF66 is essential for the efficient replication of VZV in T cells. Preventing ORF66 protein expression by stop codon insertion (pOka66S) impaired the growth of the parent Oka (pOka) strain in T cells in SCID-hu T-cell xenografts in vivo and reduced formation of VZV virions. The lack of ORF66 protein also increased the susceptibility of infected T cells to apoptosis and reduced the capacity of the virus to interfere with induction of the interferon (IFN) signaling pathway following exposure to IFN-␥. However, preventing ORF66 protein expression only slightly reduced growth in melanoma cells in culture and did not diminish virion formation in these cells. The pOka66S virus showed only a slight defect in growth in SCID-hu skin implants compared with intact pOka. These observations suggest that the ORF66 kinase plays a unique role during infection of T cells and supports VZV T-cell tropism by contributing to immune evasion and enhancing survival of infected T cells.
Varicella-zoster virus (VZV) is an alphaherpesvirus that causes chicken pox, or varicella, establishes lifelong latency in the sensory ganglia, and later reactivates to cause shingles, or herpes zoster. The pathogenesis of primary VZV infection is characterized by inoculation of respiratory mucosa, followed by a cell-associated viremia and a subsequent vesicular rash that develops 10 to 21 days after exposure (3) . T cells appear to be a major target cell for VZV viremia. The virus infects primary human T cells in vitro and exhibits tropism for T cells in thymus/liver xenografts in the severe combined immunodeficiency (SCID)-hu mouse model in vivo (28, 35, 49) . VZV alters cellular gene expression in T cells, as shown by downregulation of major histocompatibility (MHC) class I protein expression and microarray analysis of gene transcription (1, 18) . Importantly, T cells have the capacity to transport infectious VZV through the circulation, resulting in the formation of typical cutaneous lesions in SCID-hu skin xenografts (29) . The goal of these experiments was to further investigate the T-cell tropism of VZV by examining virion formation, effects on apoptotic and interferon (IFN) pathways in human T cells, and the contributions of the ORF66 protein to these processes, based on previous evidence that preventing ORF66 protein expression decreased VZV virulence in T-cell xenografts in vivo (37) .
The putative early gene ORF66 encodes a 47-kDa protein that localizes to both nuclei and cytoplasm of infected cells in vitro and is present in the VZV virion (22, 50) . Sequence analysis has revealed that ORF66 is highly homologous to serine/threonine protein kinases in other alphaherpesviruses, including herpes simplex virus type 1 (HSV-1) U S 3, and shows similarity to the human serine/threonine kinase 9 and cyclindependent kinase 1 (22, 38, 50) . VZV also encodes the ORF47 protein, which is related to the casein kinase II cellular proteins and is conserved in all herpesvirus subgroups. The ORF66 protein is dispensable for VZV replication in vitro, as shown by studies of ROKA66S, a recombinant virus derived from the vaccine strain of VZV (vOka), in which ORF66 translation was prevented by stop codon insertion (14) . Replication of this vOka-derived ROKA66S mutant was not altered in skin xenografts when compared to vOka, but infection of T-cell xenografts was impaired substantially, suggesting that ORF66 may have a unique role in VZV T-cell tropism (37) .
The ORF66 protein phosphorylates the major immediateearly transactivating protein encoded by ORF62/ORF71, designated the IE62 protein (32) . By analogy with HSV U S 3, the ORF66 protein kinase probably has other substrates, including a number of viral and cellular targets (46) . VZV ORF66 protein kinase is not necessary for the phosphorylation of other viral phosphoproteins, IE4, IE63, and gE, in vitro, implying that these proteins can be phosphorylated effectively by ORF47 protein or cellular kinases (14) . As tegument components, ORF66 and ORF62 proteins are delivered simultaneously into the cytoplasm of the infected cell after uncoating (21, 22) . Although ORF66 does not encode the predominant virion protein kinase activity, a 34% reduction in the total level of phosphorylation in virions that do not express ORF66 suggests that the gene contributes to virion-associated kinase activity (14, 22) . Phosphorylation of IE62 by ORF66 is thought to mask the IE62 nuclear localization signal, causing nuclear exclusion of IE62 in the late stages of infection (22) . The physical interaction between ORF66 and IE62 proteins may also con-tribute to tegument formation, though such an interaction has not yet been shown. However, the efficient replication of the ROKA66S mutant in cell culture suggests that ORF66 proteinmediated phosphorylation of the IE62 protein and potential ORF66-IE62 protein binding are not essential for VZV infectivity in vitro.
In addition to its kinase activity, HSV U S 3 has been found to have an important role in protecting infected cells from virusinduced apoptosis (8-11, 39, 40, 51) . Whether ORF66 may also block apoptosis has not been explored. However, the potential of ORF66 protein to modulate cellular proteins is suggested by evidence of its contribution to the down-regulation of cell surface expression of MHC class I molecules in VZV-infected cells (1) .
In previous work, Moffat et al. found that the tissue culturepassaged vOka virus was attenuated in its growth in skin xenografts but not in T-cell xenografts when compared with the low-passage clinical isolate, parent Oka virus (pOka) (36) . As noted, evaluations of ORF66 function using the vOka-derived recombinant ROKA66S showed no incremental attenuation compared to vOka in skin xenografts (37) . The current experiments to further analyze VZV T-cell tropism and the functions of ORF66 protein in VZV pathogenesis were done with VZV recombinants constructed from pOka cosmids (41) . New and established assays were used to examine pOka infection of T cells and to evaluate the effects of deleting the ORF66 gene, preventing ORF66 translation, and inserting conservative alanine substitutions into consensus sites for ORF66 phosphorylation in the context of the pOka genome. pOka and pOka ORF66 mutants were evaluated for growth kinetics in vitro and in human T-cell and skin xenografts in vivo, for VZ virion formation, and for effects on apoptotic and interferon pathways in T cells.
MATERIALS AND METHODS

Generation of pOka recombinant viruses with mutations in ORF66.
Recombinant viruses were generated using cosmids derived from pOka (41) . The entire pOka genome is contained in four overlapping SuperCos 1 cosmid vectors (Stratagene, La Jolla, CA) designated pvFsp73 (pOka nucleotides [nt] 1 to 33128; Dumas nt 1 to 33211), pvSpe14 (pOka nt 21796 to 61868; Dumas nt 21875 to 62008), pvPme2 (pOka nt 53756 to 96035; Dumas nt 53877 to 96188), and pvSpe23 (pOka nt 94055 to 125123; Dumas nt 94208 to 124884). ORF66 is located in the unique short region in the cosmid pvSpe23 (Fig. 1) . In order to make mutations in ORF66, the cosmid pvSpe23⌬Avr was digested with SacI, and the 6-kb SacI-SacI fragment was inserted into pBluescript KS(Ϫ) plasmid vector (Stratagene) to make pSac6A, containing open reading frames (ORFs) 64 to 69. Three individual mutations were made using the QuikChange site-directed mutagenesis kit XL (Stratagene): insertion of an early stop codon; substitution of Ser48, which is within a consensus sequence for phosphorylation by VZV ORF47; and substitution of Ser331 and Ser332, which are both within a consensus sequence for phosphorylation by cellular PKA or PAK2. The pOka66S mutant was made by introducing four stop codons into ORF66 at the 21st codon using the following oligonucleotide and its reverse complement: 5Ј-CGTGGCG CCATCTGATAATGACCGTCACATATTTAG-3Ј (stop codons are underlined). The serine-to-alanine substitutions in putative phosphorylation sites, designated S48A and S331A, were constructed using oligonucleotides 5Ј-CCCGG CATAGAAGCTGAGGATGATCC-3Ј and 5Ј-GGCAAAACGGGCTGCTCG AAAACCCGG-3Ј, respectively, and their reverse complements. The PCR primers were manufactured by OPERON Technologies, Inc. (Alameda, CA). The 4.5-kb AvrII/SgrAI fragments from these mutated plasmids replaced the original 4.5-kb AvrII/SgrAI fragment in pvSpe23⌬Avr.
Two independent deletions of the ORF66 gene were made by introducing an XbaI site by PCR over the start codon (pOka 113,140; Dumas 113,037), as well as at either codon 114,328 (Dumas 114,225) for a full deletion or 114,273 (Dumas 114,170) for a partial deletion. The primers used for the start codon were 5Ј-GCCATAGAAATCCAGATTGT-3Ј and 5Ј-CAACGTCGTTCTAGATACT  T-3Ј. The primers used at the 3Ј end of ORF66 were 5Ј-AAATTCATCTAGA  CTGTTAA-3Ј and 5Ј-TATACGGGGACTTGTCTACC-3Ј for the full deletion  and 5Ј-CTCTGTTTTCTAGACTCTTCCCGATC-3Ј and 5Ј-TATACGGGGAC  TTGTCTACC-3Ј for Repaired cosmids, ⌬ORF66R and partial⌬ORF66R, were constructed by cloning the ORF66 gene, including the putative promoter region and the polyadenylation site, into a unique AvrII restriction site at nucleotide 112,956 (Dumas 112,854) in the cosmids Spe23⌬ORF66 (nt 1 to 1181) and Spe23⌬ORF66 (nt 1 to 1133). The ORF66 gene was amplified by PCR by using the oligonucleotides 5Ј-GCCCTCTTATCCTAGGATCAC-3Ј and 5Ј-ACAATCCTAGGAAA ATGATCCC-3Ј (pOka nt 113,022 and 114,499; Dumas nt 112,919 and 114,396) to introduce AvrII sites at each end. The amplified ORF66 gene was ligated into Spe23⌬ORF66 (nt 1 to 1181) and Spe23⌬ORF66 (nt 1 to 1133) at the AvrII site, and clones containing ORF66 in the native, 5Ј-to-3Ј orientation (upper strand) were selected. The pvSpe23p⌬ORF66R cosmid generated the VZV strain pOkap⌬ORF66R, which has a partial deletion of ORF66 and the intact ORF66 gene at the AvrII site.
The myc epitope was also inserted within the C terminus of ORF66, 6 nucleotides upstream of the ORF67 promoter sequence (29RE) and 32 nucleotides upstream of the ORF66 stop codon. Although the ORF67 coding region begins at nucleotide 114,599 in pOka (114,496 in Dumas), important promoter sequences begin at residue 114,292 in pOka (114,189 in Dumas) (13) . The inserted myc tag sequence was 5Ј-GGCCCTTCGAACAAAAACTCATCTCAGAAGA GGATCTGAATATGCATACCGGTG-3Ј. The myc epitope and remaining Cterminal residues of ORF66 following the insertion are in frame, with the myc epitope between ORF66 amino acid residues P382 and D383.
Transfection, virus isolation, and growth kinetics. Recombinant viruses were isolated by transfection of human melanoma (MeWo) cells with mutated pvSpe23⌬Avr cosmid and the three intact cosmids, pFsp73, pSpe14, and pPme2, as described previously (31, 48) . Melanoma cells were maintained in tissue culture medium (Mediatech, Washington, D.C.) supplemented with 10% fetal calf serum (Gemini Bio-Products, Woodland, CA), nonessential amino acids, and antibiotics. All mutations were sequenced to verify substitutions. DNA was isolated from melanoma cells with DNAzol reagent (GIBCO/BRL, Grand Island, NY) and from implant tissues using the DNeasy tissue kit (QIAGEN, Inc., Chatsworth, CA). PCR was performed using Elongase enzyme mix (GIBCO). Solubilized DNA was used as a template for PCR primers that annealed in the intergenic regions upstream and downstream of ORF66. PCR products were cloned into pCR4-TOPO (Invitrogen, Carlsbad, CA) and sequenced by the Stanford Protein and Nucleic Acid Facility or Sequetech Corp. (Mountain View, CA). Sequencing reactions were primed using the M13 primers contained in the PCR4-TOPO vector and custom primers within ORF66. Replication of pOka and pOka ORF66 mutants was assessed by infectious focus assay. Cells from three replicate wells were trypsinized on days 1 to 6 after inoculation, and the number of infectious foci was determined by titration on melanoma cell monolayers at each time point as described elsewhere (35, 37) . Statistical comparisons were done using Student's t test.
ORF66 antibody and immunoblotting. Polyclonal anti-ORF66 protein antiserum was made by cloning nucleotides 1 to 570 or 774 to 1149 of ORF66 into pGEX-2T (Pharmacia Biotech, Milwaukee, WI) by PCR with primers containing BamHI and SmaI sites. Protein expression was induced, and the purified glutathione S-transferase fusion peptides were used for rabbit immunization (47) . Rabbit immunization was performed at Josman, LLC (Napa, CA). Rabbit serum was collected before and after immunization and stored at Ϫ20°C. Immunoglobulin G (IgG) was isolated from the serum using an ImmunoPure (protein A) IgG purification column (Pierce, Rockford, IL). Purified IgG was preadsorbed overnight at 4°C with an equal volume of uninfected melanoma cell lysate, and anti-ORF66 IgG was used at 1:500.
Infected and uninfected melanoma cells were lysed with radioimmunoprecipitation assay buffer (50 Infection of human xenografts in SCID-hu mice. T-cell or skin xenografts were engrafted in male homozygous C. B-17 scid/scid mice (35) using human fetal tissues obtained with informed consent according to federal and state regulations. Animals were cared for according to guidelines of the Animal Welfare Act PL 94-279 and the Stanford University Administrative Panel on Laboratory Animal Care. VZV recombinant viruses were isolated in human melanoma cells, passed three times onto human embryonic lung fibroblasts (HEL), and stored at Ϫ80°C in tissue culture medium supplemented with 10% fetal calf serum, antibiotics, and 10% dimethyl sulfoxide. Infectious virus titers were determined for each inoculum at the time the implants were injected. Skin xenografts were harvested at 14, 21, and 28 days after inoculation. T-cell xenografts were harvested at 7, 14, and 21 days after inoculation or mock infection. Tissues were analyzed by infectious focus assay, PCR/sequencing to verify expected mutations, and immunohistochemistry. Gradient-purified T cells from xenografts were analyzed by fluorescence-activated cell sorter (FACS) using aliquots of approximately 10 6 cells that were washed and resuspended in 100 l of FACS staining buffer (phosphate-buffered saline [PBS] with 1% fetal calf serum-0.2% sodium azide). The cells were incubated with human VZV immune or nonimmune polyclonal IgG on ice for 30 minutes, washed in staining buffer, and incubated with goat anti-human fluorescein isothiocyanate (FITC)-conjugated F(abЈ) 2 fragments (Caltag, Inc., Burlingame, CA) and mouse monoclonal anti-CD3-phycoerythrin (Caltag) on ice for another 30 min to detect VZV antigens and T-cell markers. The cells were then washed, resuspended in staining buffer, and analyzed on a FACSCalibur (Becton Dickinson, Inc.). As negative controls, cells were incubated with the appropriate isotype control antibodies.
Confocal microscopy for VZV protein expression. At 72 h after infection, VZV-infected monolayers were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100, and washed with PBS (0.01 M; pH 7.4). Cells were blocked overnight at 4°C with PBS containing 0.2% bovine serum albumin and 10% normal goat serum. After washing with PBS, cells were then incubated for 1 hour at 37°C with murine anti-IE62 monoclonal antibody (Chemicon, Temecula, CA) and rabbit anti-ORF66 polyclonal antiserum. Following three Transmission electron microscopy. T-cell xenografts were recovered from SCID-hu mice at day 14 postinoculation and immediately fixed with 2% glutaraldehyde in 0.1 M phosphate buffer (PBS), pH 7.0, for 2 hours. The specimens were then washed twice in PBS and postfixed with 1% osmium tetroxide (Polysciences, Inc., Warrington, PA) in PBS for 1 hour. After two 10-minute washes in double distilled water, specimens were stained in 0.25% uranyl acetate (Polysciences, Inc.) overnight. After 24 h, the specimens were washed with water and dehydrated through a graded series of alcohol and propylene oxide washes. Each sample was infiltrated sequentially with 2:1 and 1:1 propylene oxide-EPON (Resolution Performance Products, Houston, TX) for 4 h, incubated overnight with 100% EPON, transferred to fresh EPON, and embedded and polymerized at 60°C for 24 h. Thin sections were collected on copper grids, stained with uranyl acetate and lead citrate, and viewed using a Phillips CM-12 transmission electron microscope.
Melanoma cells were infected with 1,000 CFU and grown on glass coverslips for 72 h. The cells were then fixed for 35 min and fixed/stained as described above. Cells were embedded by placing gelatin capsules filled with resin on top of the coverslip and spraying them with liquid nitrogen.
Flow cytometric detection of caspase 3 activation and intracellular phosphoprotein expression in T cells. Primary T cells were isolated from human tonsils obtained from the Department of Pathology at the Stanford University Medical Center according to a protocol approved by the Stanford University Committee for research involving human subjects. The tonsils were dissociated to single cells and prepared as previously described (28) . An affinity T-cell column was used to separate out the T cells to more than 95% purity (Pierce, Inc.). T cells were cocultured with virus-infected HELF cell monolayers and harvested 48 h after infection. T cells were stained with FITC-conjugated monoclonal rabbit antiactive caspase 3 antibody according to the manufacturer's Apoptosis Kit 1 protocol (BD Biosciences, San Diego, CA). To identify VZV-infected tonsillar T cells, cells were stained with monoclonal antibodies specific for human CD3 (clone S4.1, conjugated to TRI-COLOR; Caltag) and VZV-immune or non-VZV-immune polyclonal human serum (IgG purified) along with Alexa Fluor 647-conjugated goat anti-human IgG (HϩL; Molecular Probes, Eugene, OR).
For intracellular phosphoprotein flow cytometry experiments, T cells were stimulated with 10 ng/ml gamma interferon (Peprotech, Rocky Hill, NJ), 50 ng/ml phorbol myristate acetate (PMA; Sigma), and 1 M ionomycin (CalBioChem, San Diego, CA) or 2 g/ml anti-T-cell receptor (anti-TCR; clone OKT3) and 1 g/ml anti-CD28 (clone 28.1), added directly to culture medium for 10 min. The T cells were transferred immediately to paraformaldehyde (1.5% final concentration), vortexed briefly, incubated at room temperature for 10 min, washed, stained with anti-VZV IgG and anti-human IgG-FITC as described above, washed again, and permeabilized in 90% methanol on ice for 30 min. The aliquots were stained with antibodies to CD3 (Cy5.5 conjugated) and phosphorylated proteins phospho-Stat1 (Stat91/84, clone 4a, Y701), phospho-ERK1/2 (clone 20a, pT202/pY204), and phopho-p38 MAPK (clone 36, pT180/pY182) conjugated to Alexa Fluor 647 (BD Biosciences).
RESULTS
Construction of pOka recombinants with ORF66 mutations.
The ORF66 gene, which consists of a 1,181-bp sequence located in the unique short region of the VZV genome, was deleted from cosmid pvSpe23 (Fig. 1D) . Since the complete deletion of ORF66 overlaps with promoter sequences (pOka nt 114,293 to 114,328; Dumas nt 113,037 to 114,225) important for expression of the adjacent ORF67 (gI), a second, partial deletion (pOka nt 113,140 to 114,273; Dumas nt 113,140 to 114,170) was also made that does not disrupt the ORF67 promoter region (17) . Of interest, neither the complete nor the partial ORF66 deletion allowed viral replication; recombinant virus was not recovered in three of three transfections with five separately derived pvSpe23 mutant cosmids that had the complete ORF66 deletion or in three of three transfections with four independently generated cosmids with the partial deletion of ORF66. Although the partial ORF66 deletion could be rescued by insertion of ORF66 into the nonnative AvrII site, the complete deletion was not rescued in three of three experiments with four separately derived ⌬ORF66 cosmids. A stop codon insertion mutant, pOka66S (Fig. 1E) , yielded infectious virus in three independent transfections.
In addition, two point mutants, pOka66S48A and pOka66S331A (Fig. 1F) , were recovered when these serines in putative phosphorylation sites of ORF66 protein were changed to alanines. These two mutations were made in residues that were selected by NetPhos as sites in ORF66 that were very likely to be phosphorylated (7) . The S48A mutation was made in the sequence ESEDD (amino acids 47 to 51), which is a consensus sequence for phosphorylation by ORF47, the other VZV kinase. This sequence has previously been identified to be S/Tx-D/E-D/E, in which the amino acids ϩ1 and Ϫ1 are acidic (20) . The S331A mutation was made in the KRSS sequence (amino acids 329 to 332) of ORF66, which could be a consensus sequence for phosphorylation by two cellular kinases that resemble ORF66: protein kinase A (cyclic AMP-dependent protein kinase), whose consensus phosphorylation site is R-R/ K-x-S/T (19), and gamma-PAK (PAK2), whose consensus phosphorylation site is K/R-R-x-S/T (52).
Expected ORF66 sequences in recombinant mutant and rescued viruses were confirmed by sequencing full-length PCR products (data not shown). ORF66 protein was not detected by SDS-polyacrylamide gel electrophoresis and immunoblot analysis with ORF66-specific antibodies in lysate from cells infected with pOka66S (Fig. 1G ) or in uninfected melanoma cells. However, it was clearly visible as a 48-kDa band in melanoma cells infected with pOka, pOka66S48A, and pOka66S331A. In other experiments, a myc tag was inserted within the ORF66 C terminus, upstream of the ORF67 promoter, and the ORF66 protein was detected using an anti-myc antibody in pOka-infected, but not in pOka66S-infected, melanoma cells by immunofluorescence (data not shown). This antibody also precipitated ORF66 protein from the lysate of MeWo cells infected with pOka, but not pOka66S, and did not reveal the presence of truncated ORF66 protein (data not shown).
Kinchington et al. previously demonstrated that the ORF66 protein is required for translocation of IE62, the major VZV gene transactivator, from the nucleus to the cytoplasm in later stages of infection (22, 23) . Analysis of the localization of the IE62 and ORF66 proteins in melanoma cells by confocal microscopy at 72 h postinfection reveals that while IE62 localizes to both the nucleus and the cytoplasm of pOka-infected cells, it is strictly nuclear in the pOka66S-infected cells (data not shown). However, unlike pOka66S, the mutations of ORF66 residues S 48 and S 331/332 in the pOka66S48A and pOka66S331A viruses do not restrict IE62 localization to the nucleus (data not shown).
Replication of pOka66S in vitro. The pOka66S virus displayed slightly reduced growth by infectious center assay in melanoma cells at days 3, 4, and 5, compared with pOka (P ϭ 0.004, P ϭ 0.015, and P ϭ 0.022) (Fig. 2A) . While pOka grew to approximately 3 ϫ 10 5 infectious foci/ml, pOka66S remained below 1 ϫ 10 5 infectious foci/ml. These results differed from previous studies of the replication of ROKA66S, derived from vOka cosmids, which was equivalent to vOka in cultured melanoma cells (14, 37) . However, the average plaque size for pOka66S (0.87 Ϯ 0.13 mm) was not significantly different from pOka (0.90 Ϯ 0.10 mm).
Replication of pOka66S in human T-cell xenografts. In order to assess the contribution of ORF66 to VZV virulence in T cells using pOka-derived mutants, T-cell xenografts were inoculated with pOka and pOka66S (Fig. 2B) . The pOka virus titer by infectious center assay at day 7 (Ͼ2 ϫ 10 4 infectious foci/implant) was significantly higher than that of the pOka66S virus, which yielded only 1 ϫ 10 2 infectious foci/implant at day 7 and peaked below 1 ϫ 10 3 infectious foci/implant at day 14. pOka infection peaked with a titer of 1 ϫ 10 5 infectious foci/ implant at day 14. The growth differences between pOka and pOka66S were confirmed by immunohistochemistry (not shown) and by flow cytometric analysis of infected T cells from T-cell xenografts taken at 7 days postinoculation (37) . The percentage of VZV-infected T cells from pOka-infected T-cell xenografts was approximately fivefold higher than the percentage from pOka66S-infected xenografts at this early time point (Fig. 2C) . Previous histological evidence has shown that severe thymocyte depletion occurs in VZV-infected T-cell xenografts and that viral titers decrease at later stages of xenograft infection (35) .
Virion formation in human T cells in SCID-hu T-cell xenografts infected with pOka or pOka66S in vivo. To further investigate VZV T-cell tropism and the 2-log reduction in growth of pOka66S in T cells, T-cell xenografts were removed at 14 days postinoculation with pOka or pOka66S and analyzed by transmission electron microscopy (TEM) (Fig. 3) . Many complete nucleocapsids with a dark core (VZV genome) as well as empty capsids were visualized within the nuclei of T cells in xenografts infected with pOka (Fig. 3A) . Significantly fewer nucleocapsids were observed in pOka66S-infected T cells (Fig. 3B) . The average number of capsids per pOkainfected cell nucleus was 35 Ϯ 13 (n ϭ 14), while the average number of capsids per pOka66S-infected cell nucleus was only 3 Ϯ 1 (n ϭ 3; P ϭ 0.047). One pOka66S-infected cell, shown in Fig. 3B , contained two complete nucleocapsids and several empty capsids in the nucleus. VZV nucleocapsids assemble in nuclei as icosahedral capsids enclosing the 125-kb VZV genome. The nucleocapsids and DNA cores in both pOka-and pOka66S-infected T cells appeared to be regular and intact. Both pOka and pOka66S nucleocapsids were present individually in the nucleoplasm, but only the much more abundant pOka nucleocapsids were clustered in the nucleus. The pOkainfected T cells contained spherical, membrane-defined intranuclear inclusions filled with complete nucleocapsids; nucleocapsids were also located immediately adjacent to these structures ( Fig. 3C and D) . In addition, virions at various stages of assembly and located at several intracellular sites were readily detected in the cytoplasm of pOka-infected T cells (Fig. 3E) . Although significantly fewer virions could be found in pOka66S-infected T cells, those observed were morphologically comparable to pOka virions (Fig. 3F) . The average number of virions in the cytoplasm of pOka-infected T cells was 10 Ϯ 5 (n ϭ 14), while the average number of virions in the cytoplasm of pOka66S-infected T cells was only 2 Ϯ 1 (n ϭ 6; P ϭ 0.047). Importantly, in contrast to infected T cells, the number and intracellular location of virions were indistinguishable in melanoma cells infected with pOka and pOka66S in vitro (Fig. 4) .
Further stages in VZV virion formation were also documented in T cells infected with pOka in vivo. Following assembly in the nucleus, complete nucleocapsids bud at the inner 3 CFU of pOka or pOkaORF66S. Two pOka66S mutant viruses were generated and tested independently. Aliquots were harvested daily for 6 days, and the number of infectious foci was determined by titration on melanoma cell monolayers. Each time point represents the mean of results for at least three wells. The x axis shows the days after inoculation when infected cell monolayers were harvested, and the y axis shows infectious foci per milliliter by infectious focus assay. One asterisk indicates that titers were significantly different from pOka (P Ͻ 0.05) at the same time point, while two asterisks indicate a difference with a P value of Ͻ0.01. (B) T-cell xenografts were inoculated with HEL fibroblasts infected with pOka or pOka66S on day zero (inoculum titers are shown on the y axis) and harvested weekly. T-cell suspensions were prepared, and titers were determined by infectious center assay. Each time point represents the mean number of plaques from two to four implants. Implants in which infectious virus was not recovered were excluded. One asterisk indicates that titers were significantly different from pOka with a P value of Ͻ0.05 at the same time point, while two asterisks indicate a difference with a P value of Ͻ0.001. (C) T cells from T-cell xenografts harvested at day 7 postinoculation with pOka or pOka66S were stained for expression of CD3 and VZV proteins and analyzed by flow cytometry. The bars indicate the percentage of VZV-positive T cells Ϯ the standard error. One asterisk indicates a difference with a P value of Ͻ0.001.
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on October 31, 2017 by guest http://jvi.asm.org/ leaflet of the nuclear membrane, through the perinuclear space, and into the cytoplasm. During herpesviral replication, mature nucleocapsids appear to undergo initial envelopment at the nuclear membrane, followed either by de-envelopment in the cytoplasm and secondary envelopment in the trans-Golgi network or by secondary envelopment without de-envelopment (6, 12, 33, 34, 46) . A number of nucleocapsids budding through the nuclear membrane were observed in pOka-infected T cells (Fig. 5) . Several nucleocapsids in various stages of egress were found in the nucleus adjacent to the inner
FIG. 3. VZV virion morphology in T cells infected with pOka or pOka66S. (A and B) At 14 days postinoculation, VZV nucleocapsids were present within the nuclei of T cells infected with pOka (A) or pOka66S (B)
. While most nucleocapsids contained a dark VZV DNA core (large arrows), some empty capsids were also seen (small arrows). (C) Virions were abundant in the nuclei of pOka-infected T cells and were present both individually and in clusters within the nucleoplasm. An arrowhead points to an example of an intranuclear vesicle containing virions in this pOka-infected cell. (D) Higher magnification of the intranuclear vesicle revealed the presence primarily of naked nucleocapsids containing the VZV pOka DNA core. (E and F) Complete virions (indicated by white arrowheads) were also found in the cytoplasm of cells infected with either pOka (E) or pOka66S (F). These viral particles were usually surrounded by vesicles and consisted of a complete capsid enclosed by viral tegument, envelope, and glycoprotein spikes. The magnification and locations of cytoplasm (cyt) and nucleus (nuc) are indicated. nuclear membrane, causing alterations in this membrane ranging from a slight indentation (Fig. 5A) to nearly complete enclosure of the nucleocapsid (Fig. 5B ). Virions were also observed in the perinuclear cleft (Fig. 5C ) and were characterized by their increased size compared with capsids in the nucleus and by the addition of an envelope that appeared to have a smooth surface. Complete enveloped virions were found individually within vesicles in the cytosol of pOka-infected T cells (Fig. 5D ). These cytoplasmic virions were larger than the budding nucleocapsids and typically had a central complete nucleocapsid surrounded by a uniform tegument, an intact viral envelope with clearly visible surface projections, and a single vesicle membrane. Very few tegumented, but nonenveloped, capsids were observed in the cytoplasm; however, one naked nucleocapsid was captured in the process of budding into a vesicle in the cytoplasm (Fig. 5E, inset) . Final pOka virion egress through the plasma membrane was most easily observed in heavily infected T cells, where large vesicles appeared to release a number of virions simultaneously into the extracellular space ( Fig. 5E and F) .
Replication of pOka66S in human skin xenografts. The growth of the pOka virus in SCID-hu skin tissue at day 14 postinoculation was approximately 3 ϫ 10 2 infectious foci/ implant, and the titer declined at days 21 and 28 (Fig. 6) . The pOka66S titer was significantly lower at day 14, with 7 ϫ 10 1 infectious foci/implant (P Ͻ 0.001), and remained below 2 ϫ 10 2 infectious foci/implant at all three times, although the absolute differences in pOka and pOka66S titers were minimal. Growth of the pOka66S virus peaked later, at day 21 postinoculation, with a titer of approximately 1 ϫ 10 2 infectious foci/implant. The altered ORF66 sequence was confirmed for all mutants recovered from skin xenografts (data not shown).
Flow cytometric analysis of apoptosis in T cells. The ability of HSV-1 U S 3 to block apoptosis prompted the investigation of apoptosis in T cells infected with pOka or pOka66S in vitro. Active caspase 3 expression was used as a marker for induction Fig. 7A ; left panels show gating). The percentage of total T cells that expressed active caspase 3 was more than fivefold higher in pOka66S-infected cultures than in pOka-infected cultures (Fig. 7A , right panels). When T cells were further gated on the VZV-positive population, greater than 23% of the CD3 ϩ , VZV ϩ pOka66S-infected T cells were found to express activated caspase 3, compared with less than 2.6% of CD3 ϩ , VZV ϩ T cells infected with pOka (Fig. 7B, top panel) . In both cultures, less than 1.7% of the VZV-negative T-cell population was undergoing apoptosis based on active caspase 3 expression (Fig. 7B, bottom  panel) . Infection of melanoma or fibroblast cells showed no difference in active caspase 3 expression between pOka-and pOka66S-infected cells at 24, 48, or 72 h postinfection (data not shown).
Flow cytometric analysis of phospho-protein expression. The regulation of a number of protective and proliferative signals within cells requires the phosphorylation of intracellular signaling proteins. Based on the hypothesis that reduction in VZV growth in T cells, but not melanoma cells, in the absence of the ORF66 kinase may be due to differences in target cell signaling, we explored whether VZV infection altered cellular signaling in response to external stimuli, and whether such effects might be due to ORF66 kinase activity. Phospho-protein flow cytometric analysis was used to reveal differences in the phosphorylation state of three intracellular signaling proteins, Stat1, Erk1/2, and p38, in infected and uninfected T cells (16, 25, 26) . Human tonsil T cells that were uninfected or infected for 48 or 72 h with either pOka or pOka66S were stimulated with recombinant human IFN-␥, PMA, and ionomycin, or anti-TCR and anti-CD28, for 10 minutes at 37°C, and alterations in the phosphorylation state of these three important proteins were determined by staining with phospho-specific antibodies followed by flow cytometry. In the analysis, T cells were gated to definitively separate the VZV-positive and VZV-negative cells. An intermediate population was observed in these experiments with VZV fluorescence intensity between 10 1 and 10 2 on the x axis, which is distinctly negative for Stat1 phosphorylation following IFN-␥ treatment specifically in pOka-infected cells. To exclude this intermediate population from the analysis, the cutoff for VZVnegative T cells was placed at 10 1 on the x axis. By comparing cells with equivalent intensity of VZV protein staining, this analysis focuses on the most highly VZV-positive cells from each population and mitigates the effects of any delay in infection of pOka66S-infected T cells.
As expected, IFN-␥ increased the percentage of mock-infected T cells with detectable phosphorylated Stat1 (pStat1) 60-fold ( Fig. 8A and B, left panels) . The mean pStat1 fluorescence intensity increased an average of 2.5-fold following IFN-␥ treatment of mock-infected T cells in two independent experiments (Fig. 8C) . However, induction of the IFN pathway, as assessed by Stat1 phosphorylation, was inhibited in pOka-infected tonsil T cells stimulated with IFN-␥. In the experiment shown, 11% of pOka-infected T cells expressed pStat1 after IFN-␥ stimulation at 48 h postinfection (Fig. 8A and B, middle panels). In four experiments, pOka-infected cells at 48 h postinfection exhibited greater than twofold lower mean pStat1 fluorescence after IFN-␥ treatment than uninfected cells from the same preparation (P ϭ 0.01) (Fig. 8C) . The effect on Stat1 phosphorylation was lower at 72 h in pOka-infected T cells, but it remained statistically significant (P ϭ 0.02). Although pOka-infected T cells did not phosphorylate Stat1 in response to IFN-␥ to the same extent as uninfected cells, this effect was not observed in pOka66S-infected cells at either 48 or 72 h postinfection. At 48 h postinfection, the pOka66S-infected cells retained an increase in mean FIG. 6 . Replication of VZV ORF66 mutants in skin xenografts in SCID-hu mice. Skin tissue was infected with pOka and pOka66S grown in HEL fibroblasts. Implants were harvested after 14, 21, and 28 days, and virus was titrated on melanoma cell monolayers by infectious focus assay. Each time point represents the mean number of plaques from three to four implants. Implants that did not contain infectious virus were excluded from the average. Inocula (shown as boxes on the y axis) are given as infectious foci/100 l, which represents the amount used to infect each implant. One asterisk indicates that titers were significantly different from pOka with a P value of Ͻ0.01 at the same time point, while two asterisks indicate a difference with a P value of Ͻ0.001.
is adjacent to the inner leaflet of the nuclear membrane and the site of budding is marked by an area of increased electron density. In panel B, the budding viral particle is nearly completely surrounded by nuclear membrane. (C) Virions in the perinuclear cleft (indicated by black arrowheads) appear to have a tegument and envelope. (D) Complete enveloped virions can be seen within vesicles in the cytosol (white arrowheads) and are significantly larger than capsids in the nucleus (large arrows). (E) The inset shows the magnification of a nucleocapsid in the cytoplasm budding into a cytoplasmic vesicle. Next to this is a complete virion, an empty vesicle, three capsids containing a DNA core, and an empty capsid. Virions in various stages of maturation can be seen throughout the cell, as well as exiting the plasma membrane from a cytoplasmic vesicle. 
DISCUSSION
Investigations in the SCID-hu mouse model of VZV pathogenesis support the concept that primary VZV infection involves entry of infected T cells into the circulation during an initial viremic phase and that these migrating T cells carry infectious virus from sites of respiratory mucosal inoculation to the skin. Tonsil CD4 ϩ T cells, especially activated, memory subpopulations that are programmed for tissue immune surveillance, are highly permissive for VZV infection in vitro and can transfer virus from the circulation to human skin xenografts in the SCID-hu mouse model (28, 29) . VZV must then overcome innate immune barriers, mediated by epidermal cell production of IFN-␣, in order to create the characteristic vesicular cutaneous lesions (27, 29) . In the current experiments, we have characterized the pattern of VZV virion formation within T cells in vivo and, using comparisons of pOka and pOka66S, a pOka-derived ORF66 stop codon mutant, we have identified the importance of the ORF66 protein for VZV virion production, interference with apoptosis, and inhibition of the IFN pathway in VZV-infected T cells.
Like all herpesviruses, VZV virion production must begin with the packaging of viral DNA in precursor procapsids in the nucleus of the infected cell (46) . Our EM experiments showed that formation of VZV nucleocapsids and complete VZV virions was extensive in primary differentiated human T cells infected with pOka in vivo. Our EM analyses of skin xenografts have also shown production of authentic VZV virions in vivo, in contrast to the predominance of aberrant virions in cultured cells (6, 36) . These observations are consistent with a role for release of intact VZV virions from T cells into skin during VZV pathogenesis and support our evidence that VZV must be released from T cells in order to infect other T cells in vivo (6) .
Some pOka-infected T cells also had striking intranuclear inclusions with multiple membranous layers surrounding dense collections of capsids, which were not observed in epidermal cells. Similar membrane-bound nuclear structures have been found in T cells infected in vitro with human herpesvirus 6, which is a T-lymphotropic betaherpesvirus (45) . The human herpesvirus 6 inclusions were termed "tegusomes" because the presence of partially tegumented capsids suggested that tegument acquisition might occur at these sites. However, pOka intranuclear virions did not appear to be tegumented, and many pOka-infected T cells contained virions without evidence of these structures, indicating that formation of intranuclear vesicles is not required for VZV nucleocapsid assembly in T cells infected within the intact tissue microenvironment in vivo.
Preventing ORF66 translation was associated with a dramatic reduction in VZV virulence in T-cell xenografts. The results with pOka66S were comparable to those obtained with vOka-derived ROKA66S, indicating that ORF66 protein is a critical determinant of infection of T cells by a low-passage clinical isolate as well as a tissue culture-passaged VZV strain (37) . EM experiments showed that the difference between pOka and pOka66S replication reflected a marked decrease in the intranuclear assembly of nucleocapsids in pOka66S-infected T cells. These observations indicate that ORF66 protein is required for early events in VZV replication in T cells in vivo, in addition to its role in the nuclear exclusion of IE62 late in infection (23) . The impact of preventing ORF66 translation on virion production was specific for T cells infected in vivo and was not observed in melanoma cells infected with pOka66S in vitro. When the ORF66 homologue U S 3 was deleted from pseudorabies virus, virions accumulated in the perinuclear space, suggesting a defect in de-envelopment (24, 44) . This phenomenon was not observed in T cells infected with pOka66S, indicating that the ORF66 protein was not required for nuclear egress of VZV virions, to the extent that virions were made in the absence of the ORF66 protein. This difference may be due to the absence of a corresponding phosphorylation site for ORF66 kinase in the VZV homologue of U L 34, a target of HSV U S 3 (24, 43) , or because ORF66 protein is not an absolutely essential structural component in primary VZV virions.
VZV spread in skin, as well as in cultured cells, is characterized by the formation of polykaryocytes and extensive syncytia resulting from cell-cell fusion. Syncytium formation can occur even when virion assembly is severely disrupted, as shown in studies of rOka47⌬C and rOka47D-N, two VZV mutants defective in ORF47 protein kinase activity (6, 35) . In contrast, virion assembly and release of infectious virus particles appears to be necessary for T-cell tropism, because VZVinfected T cells do not undergo fusion with adjacent cells. The defective virion assembly of rOka47⌬C and rOka47D-N mutants was associated with a complete block in replication in T cells in vivo (6) . Some VZV virion production was observed in T cells infected with pOka66S in vivo, consistent with detectable, albeit limited viral replication. Although ORF47 protein is a major VZV kinase/tegument protein, the analyses of pOka66S and vOka-derived ROKA66S demonstrate that ORF47 protein does not compensate for the absence of ORF66 protein functions in T cells. The deficiency in T-cell tropism associated with eliminating ORF66 protein appears to result from a defect in virion production specific for these target cells. In contrast to the ORF47 mutants, virion assembly was not disrupted in pOka66S-infected melanoma cells and pOka66S infection was decreased only slightly in skin xenografts. This phenotype was not detected with ROka66S, probably because vOka is already attenuated for growth in skin (37) . Thus, ORF66 protein appeared to provide a minor growth advantage in skin, perhaps because ORF47 protein function is sufficient or because an epidermal cell protein, not present in T cells, compensates for the lack of ORF66 protein.
If T-cell infection mediates VZV transfer from respiratory sites of inoculation to skin, modifying the induction of apoptosis in T cells may be useful during VZV pathogenesis. We found that T cells infected with pOka were protected from activation of caspase 3, a marker of apoptosis, compared to T cells infected with pOka66S. These data suggest that ORF66 protein may function to inhibit apoptosis in VZV-infected T cells. A number of studies have shown that deletion of HSV-1 U S 3, the ORF66 homologue, results in apoptosis of HSVinfected cells (10, 51) . U S 3 has also been shown to prevent the cleavage activation of procaspase 3 and resulting caspase cascade in response to stress-inducing stimuli, likely through a mechanism involving interactions with Bcl-2 family proteins (4, 5, 8-11, 39, 40, 42) . Previous observations about HSV-1 U S 3, combined with our new information about the effect of ORF66 on apoptosis in T cells, suggest that U S 3-related gene products such as the ORF66 protein interfere with apoptosis. Additionally, microarray analysis of the transcriptional profiles of VZVinfected primary human T cells and fibroblasts showed that the transcription of caspase 8 was decreased in infected T cells but not in HFFs or skin (18) . Other evidence that may signify a tissue-specific antiapoptosis mechanism comes from the discovery by Hood et al. that VZV-infected human sensory neurons are resistant to apoptosis while HFFs are not (15) .
Like other herpesviruses, VZV has evolved mechanisms for the transient evasion of host control by innate and adaptive immune mechanisms. Previous experiments showed that ORF66 contributes to the down-regulation of MHC class I cell surface expression on VZV-infected T cells (1). Our current experiments indicate that ORF66 protein may also help the virus to survive in infected T cells by inhibiting the signaling of the IFN pathway by IFN-␥. Such a mechanism could be important for VZV pathogenesis, since IFN-␥ production by natural killer cells is an important innate immune response. VZV infection of fibroblasts inhibits IFN-␥ signal transduction via the Jak/Stat pathway by causing a 10-fold reduction in Stat1␣ and a 90-fold reduction in Jak2 and an associated block in transcription of IFN regulatory factor 1 and class II transactivator in fibroblasts (2) . IFN-␥-induced phosphorylation of Stat1 was reduced in pOka-infected T cells, but not in T cells infected with pOka66S. Thus, ORF66 protein may function to modulate the effects of IFN-␥ on VZV infection of T cells as well as contributing to MHC class I down-regulation (1).
Although preventing ORF66 translation by inserting a stop codon into the pOka ORF66 gene was compatible with replication, as it was in vOka, these mutagenesis experiments demonstrated that complete or partial deletions of ORF66 did not allow recovery of infectious virus in our cosmid system. The observations with the complete deletion of ORF66, which overlaps with the gI (ORF67) promoter region, were consistent with our analyses of the gI (ORF67) promoter in the context of the VZV genome (17) . The VZV gI protein is dispensable in vitro (30) . Nevertheless, altering one of the ORF29 response elements of the gI promoter, designated 29RE4, did not allow VZV replication (13, 17) . Of interest, neither the complete ORF66 deletion nor the 29RE4 substitution could be rescued, whereas the partial deletion of ORF66, which did not disrupt the 29RE4 region, was rescued by inserting the complete ORF66 sequence at the AvrII cloning site. These observations suggest that this region of the VZV genome has functions that are independent of expression of the ORF66 or gI proteins. In contrast, conservative substitutions in putative phosphorylation sites of the ORF66 protein at residues 48 and 331 had no effect on pOka replication in vitro or in T cells or skin in vivo.
In summary, VZV infection of T cells was associated with robust virion production and modulation of the apoptosis and IFN pathways in human T cells. Preventing ORF66 protein expression impaired the growth of the low-passage pOka virus in SCID-hu T-cell xenografts in vivo, increased the susceptibility of infected T cells to apoptosis, and reduced the capacity of the virus to interfere with induction of the interferon pathway by exposure to IFN-␥. Our working model is that VZV pathogenesis depends on the assembly and release of virions from T cells and that infected T cells must survive long enough to transport VZV from respiratory sites of inoculation to the
